Fouling is the main bottleneck of the widespread use of MBR systems. One way to decrease and/or control fouling is by process hydrodynamics. This can be achieved by the increase of liquid crossflow velocity. In rotational cross-flow MBR systems, this is attained by the spinning of, for example, impellers. Validation of the CFD (computational fluid dynamics) model was made against laser Doppler anemometry (LDA) tangential velocity measurements (error less than 8%) using water as a fluid. The shear stress over the membrane surface was inferred from the CFD simulations for water.
INTRODUCTION
Biological wastewater treatment processes consist of two main steps: the biological removal of organic substances and nutrients followed by solids-water separation. The latter step is achieved by membrane filtration, commonly known as membrane bioreactors (MBR). Nevertheless, a common problem encountered with MBR systems is fouling of the membrane resulting in frequent cleaning and replacement, which makes the system less appealing for full-scale applications (Judd ) . This makes difficult its commercialization due to reduction of productivity (i.e. the actual provided purified water flux) and increased maintenance and operational cost (Chang et al. ) . Literature has shown that the hydrodynamics near the membrane surface have an impact on fouling (Schwinge et al. ) .
In terms of MBR operation, three interlinked contributors are considered to be important with regard to the fouling of the membrane. Biological characteristics, particle size distribution (Wisniewski & Grasmick ) and process hydrodynamics in the bioreactor are mainly determined by the reactor configuration (Smith et al. ) . The latter is intended for scouring off the filter cake and promoting particle mass transport away from the membrane towards the bulk. Due to the complexity of the MBR process and the different type of models required for the different influencing factors on membrane fouling, the modelling exercise is broken down in the development of several sub-models. In this study, the focus is on the sub-model of hydrodynamics near the membrane surface, which play an important role in fouling control. Therefore, air is often introduced in the activated sludge (AS) flow, which creates a gas-liquid two-phase flow (Ghosh & Cui ; Cui et al. ; Smith & Cui ) . The two-phase flow helps to maintain high permeate fluxes and improves membrane rejection characteristics of solids (reduction of fouling) as there is an increase in surface shear stress to remove already deposited foulants (Ghosh & Cui ) . However, instead of adding air to the system, it is possible to increase the cross-flow liquid velocity and generate the same effects as having a two-phase flow, as it occurs inside a rotating cross-flow (RCF) MBR (Grundfos BioBooster ® ). The Grundfos Bio-Booster MBR (Figure 1(a) ) combines biological treatment with ultrafiltration (UF) membranes. Rotating impellers between the filtration and aeration membrane discs (Figure 1(a) and 1(b)) prevent fouling and make it possible to operate up to five times higher total suspended solid (TSS) concentration than in conventional MBR systems (TSS up to 50 g L À1 ). It is important to highlight that those cross-flow impellers ensure low viscosity in the reactor biomass due to the non-Newtonian behaviour of AS (Rosenberger et al. ) . This decreases the energy consumption and increases the flux.
MATERIALS AND METHODS

Description of the experimental set-up
The module consists of a cylindrical housing (Figure 2(a) ) with a plastic impeller (Figure 2(b) ) between two ceramic UF membranes (Figure 2(c) ). However, to carry out the experimental measurements, one membrane was substituted with an identical one made of acrylic clear plastic and a small window in the end of the reactor, which made it possible to measure the velocity distribution in the small cavity between the impeller and the artificial membrane. The diagram of the laser Doppler anemometry (LDA) location is shown in Figure 2 
The RCF MBR operates with a rotational speed between 50 and 350 rpm. Tangential velocity was measured with a LDA system (1D FLowlite LDA, Dantec) for three angular velocities (59, 119 and 177 rpm) and 15 locations between the impeller and the membrane (acrylic), using water. In the z-direction, above the center of the impeller, the measurements were made at three locations (0.2, 0.3 and 0.4 cm); and in the r-direction, the measurements were made at five locations (6, 8, 10, 12 and 13.5 cm) ( Figure 3 ). The dimensions and operating conditions of the system are summarized in Table 1 . These experiments were conducted at Grundfos BioBooster (Bjerringbro, Denmark). It is important to highlight that the experiments were carried out with water. The reason for this is that LDA is an optical technique to measure velocity field in transparent media and is a nontransparent substance so this technique cannot be used. Nevertheless, using water can give an insight into the hydrodynamics of the process.
Viscosity of non-Newtonian liquids
Viscosity (μ) is a property that influences the hydraulic regime and transport phenomena. It is defined as the ratio between shear stress (τ) and shear rate ( _ γ). The viscosity of Newtonian liquids (e.g. water) exhibits a linear shear stress and shear rate relationship and, hence, a constant viscosity. However, some particulate suspensions (e.g. AS) exhibit pseudoplastic (non-Newtonian (NN)) behaviour , where the viscosity and shear stress can be related to the shear rate according to a power-law relationship as presented in Equations (1) and (2), respectively:
where m is the flow consistency index (Pa s n ) and n is the flow behaviour index (-) . For AS in MBR, Rosenberger et al. () proposed empirical models for m and n as function of the TSS, as presented in Equations (3) and (4), respectively:
n ¼ 1 À 0:23TSS 0:37 (4)
Wall shear stress in rotating systems
Newtonian liquids
The fouling control is carried out using rotating disks (impellers), which generate a scouring effect (increases on shear stress prevent particles attaching to the membrane surface) due to the larger tangential velocities produced by the spinning of the impeller (Brou et al. ; Jaffrin et al. ; Jaffrin ).
To describe the flow regime within a housing containing an impeller with radius (R) and angular velocity (ω), the radial Reynolds number (Re r ) is used, which depends on the radial distance (r) from the spinning axis (Equation (5)) (Murkes & Carlsson ):
where k is the velocity factor and ν is the kinematic viscosity defined by Equation (6):
where ρ is the density. Spinning the disk within the housing can generate four different modes of fluid flow (Murkes & Carlsson ; Lee et al. ), summarized in Table 2 . From Table 2 , there are two regimes (Murkes & Carlsson ): (i) laminar (case 1 and 3), when the boundary layers within this region are separated by a zone of fluid that moves as a rigid body with a rotational speed of k ω and (ii) turbulent (case 2 and 4), when two separate turbulent boundary layers are separated by a turbulent core of fluid moving at an angular velocity of k ω. The velocity factor (k) in these descriptions is the ratio of the tangential velocity of the core to that of the impeller and is between 0.313 and 1. The value of 0.313 corresponds to two infinity disk (Bouzerar et al. a) . Experiments show this value to be 0.35 to 0.5 for polished finite disks and it can rise to 0.65-0.85 for impellers having radial vanes (Bouzerar et al. a, b) .
It is important to highlight that, comparing the relations presented in Table 2 for the impeller (case 1 and 3) and the membrane (cases 3 and 4), the latter are lower; the reason for this is that the boundary layer is thicker in the case of the membrane, generating a lower shear stress value than in the impeller (Bouzerar et al. b) . In addition, k is unknown and depends on the specific geometry of the system. Nevertheless, this factor can be determined from the computational fluid dynamics (CFD) simulations. In order to obtain the area-weighted average wall shear stress over the membrane surface, Equations (7)-(10) can be integrated using Equation (11) 
, R in and R m are the inner and outer membrane radius, respectively. Equations (7)-(10) are integrated (Torras et al. ) and the results are presented in Table 3 .
Non-Newtonian liquids
For NN liquids, the radial Reynolds number (Re r NN ) is defined by Equation (16) 
The wall shear stress over the membrane surface expression presented in Equation (9) is modified and redefined by Equation (17) (Mishra & Chandra Singh ) to account for the NN liquid behaviour:
where α is defined by Equation (18):
where G 0 (0) and F 0 (0) are the dimensionless velocities in the tangential direction (Mishra & Chandra Singh ; Andersson et al. ). The area-weighted average wall shear stress over the membrane surface for NN liquid is defined by Equation (19): Impeller Laminar Re r 2 Á 10 5
2 Impeller Turbulent Re r > 2 Á 10 5 Impeller Laminar Re r 2 Á 10 5
2 Impeller Turbulent Re r > 2 Á 10 5
3 Membrane Laminar Re r 2 Á 10 5
4 Membrane Turbulent Re r > 2 Á 10 5
The value of G 0 (0) is 0.77, and when μ ¼ m and n ¼ 1 (Newtonian liquid) Equations (17) and (19) become Equations (9) and (14), respectively.
CFD Model
Grid specifications and boundary conditions
A three-dimensional geometry of the system was built in Rhinoceros v4.0 and the grid was created in the CFD software Star CCMþ v6.02 (CD-Adapco, UK). The boundary conditions are shown in Figure 4 . The RCF was modelled as impermeable rigid walls. The RCF was modelled with the Moving Reference Frame model, a steady-state approach involving a reference frame, which is rotating with seven different angular velocities, where three of them were used to validate the model (59, 119 and 177 rpm) and four were used to extrapolate to the operating condition of the RCF MBR (50, 150, 250 and 350 rpm). In this case, two reference frames are used for the analysis, a rotating one representing the impeller and a stationary one representing the membrane.
The grid used in the CFD simulations contains 1.5 million prims elements, with a maximum side size of 0.2 mm. To ensure that the thin boundary layer is properly resolved a very fine grid was made (y þ <1), with the first grid node near the membrane located at 1·10 À6 m (Torras et al. , ) . This fine grid close to the membrane wall is required to guarantee that the wall shear stress on the membrane is accurate due to the effect of the impeller rotation.
The water has a density and viscosity of 998 kg m 3 and 0.001 Pa s, respectively. In the case of AS, it has the same density of water and the viscosity is defined by Equation (1) as a function of TSS.
Governing equations of the CFD model
The CFD model is single phase flow of liquid. To model the turbulence within the RCF MBR, the Reynolds Averaging of the Navier-Stokes (RANS) is commonly used. This method introduces additional terms in the governing equations that need to be modelled in order to achieve a closure for the additional unknowns. The RANS equations govern the transport of the averaged flow quantities, with the whole range of the scales of turbulence being modelled. This approach reduces the required computational effort and resources, and is widely adopted for practical engineering applications. In RANS, the solution variables in the instantaneous (exact) Navier-Stokes equations are decomposed into the mean (ensemble-averaged or timeaveraged) and fluctuating components. The Shear Stress Transport (SST) k-ω turbulence model with enhanced wall treatment (y þ <1) was used to properly capture the shear stress at the membrane wall. This turbulence model has two transport equations, one for turbulent kinetic energy k and the other for the specific turbulent dissipation rate (or turbulent frequency) ω. The advantages of this turbulence model are: good performance for wallbounded boundary layer, and low and transition Reynolds number flows (Re r 2 Á 10 5 ) (Menter ; Wilcox ; Ismael & Cotton ; Bredberg & Davidson ; Torras et al. ) . The laminar model was used for the CFD simulations due to the NN behaviors of AS, which has low Reynolds numbers (Re r 2 Á 10 5 ). To solve the momentum transport equation the QUICK (quadratic upwind interpolation) scheme was used, which increases stability of the solution, provides a faster convergence and has fourth-order accuracy.
RESULTS AND DISCUSSION
Radial Reynolds number
The radial Reynolds number is defined by Equation (5); four angular velocities (50, 150, 250 and 350 rpm) were selected to cover the whole range of angular velocity operation for the RCF MBR (Table 1) and results are presented in Figure 5 . From Figure 5 , it is observed that, at low angular velocities (i.e. 50 rpm), the flow regime between the impeller and the membrane is in laminar regime. In addition, for the other three rotational speeds (150, 250 and 350 rpm), it is observed that the internal region is in laminar regime (e.g. for 350 rpm, the laminar regime is found between 0.04 and 0.07 m). This confirms the selection of the k-ω turbulence model that works for the transition between laminar and turbulent regime.
Tangential velocity profile
Tangential velocities profiles were measured using the LDA as described in the "Description of the experimental set-up" section in 15 different locations for three rotational speeds. The result for the z-direction of 3 mm is presented in Figure 6 .
From Figure 6 , it is observed a good agreement between experimental measurements and CFD simulation, with an error up to 8%. Similar results were found for the other two z-directions (2 and 4 mm) and the results are not shown.
Wall shear stress
The wall shear stress over the membrane surface is obtained directly from the CFD simulation as it was not measured directly. Nevertheless, as a good agreement was found between the experimental measurement and the CFD simulation for the tangential velocities and the high grid resolution of the boundary layer (section on "CFD model"), it is inferred that the wall shear stress obtained from the CFD simulation is correct (Torras et al. , ) . Figure 7 shows the contour plots of shear stress for four different angular velocities and Figure 8 shows the shear profile.
From wall shear stress contour plots in Figure 7 , two regions are observed: (i) inner region, which is a laminar region, and (ii) outer region, which is a turbulent region. From Figure 8 , two regions are observed: (i) between 0.04 and 0.14 m, where the shear stress increases due to the impeller rotation, and (ii) between 0.14 and 0.15 m, where the shear stress decreases. This decrease is due to the fact that the membrane has a larger diameter than the impeller (Figure 1(b) ).
Based on the CFD results and using Equation (9) for laminar and Equation (10) for turbulent with the statistical software SPSS v15 (IBM, USA), it was found a value for the velocity factor (k) of 0.895 ± 0.003 (R 2 : 0.931) and 0.795 ± 0.002 (R 2 : 0.957), respectively. It is important to highlight that this value covers the whole membrane area, including the region where the shear stress decreases. Based on the R 2 as a good fitness criterion, it Equation (10) with the turbulent model was selected to represent the CFD simulations and is shown in Figure 9 .
From Figure 9 , a fair agreement with Equation (10) and the CFD model is observed. However, it is important to highlight two aspects: (i) the Equation (10) is for turbulent regime, but as discussed in the "Radial Reynolds number" section, due to the rotational speed, there are two regions over the membrane surface (laminar and turbulent), and (ii) the membrane is longer than the impeller. Therefore, the shear after the impeller decreases, which is not considered in Equation (10). These results are similar to the ones presented by Torras et al. () .
To incorporate the NN behaviour of AS, the CFD model was modified based on Equations (1)-(4), for three different TSS concentrations (30, 40 and 50 g L À1 ) and four rotational speeds (50, 150, 250 and 350 rpm) . The contour plots of wall shear stress and the shear profile are presented in Figures 10 and 11 , respectively, for an angular velocity of 250 rpm.
From Figure 10 , one single region is observed (different to that in the water case) and Figure 11 shows the shear profile, where there are not two regions as discussed above, and there is not a decrease on shear stress after the outside diameter of the impeller. From the CFD results, using Equation (17) and SPSS v15, it was found that α has a value of 0.525 ± 0.008 (R 2 ¼ 0.946), which can be used for the different angular velocities and TSS concentrations. The result for an angular velocity of 250 rpm is presented in Figure 12 . Based on these results, Equations (10) and (17) can be used to determine the shear stress at any place of the membrane surface for water and AS, respectively.
Area-weighted average shear stress
In the "Wall shear stress" section, the wall shear stress on the membrane as a function of the radius was determined. Also, it is possible to determine the area-weighted average shear stress, which will give an overall value of shear stress on the surface as was presented in the section on "Wall shear stress in rotating systems". The results are presented in Figure 13 .
From Figure 13 , it is observed that the Equation (15) fits the average shear stress obtained from the CFD simulation. This proves that the analyses made in the "Wall shear stress" section, where the velocity factor was obtained by means of regression, is acceptable to represent the areaweighted average shear stress.
From the CFD simulations, it is possible to obtain directly the area-weighted average shear stress for NN liquid and compare it directly to Equation (19) as presented in Figure 13 . From Figure 13 , it is observed that Equation (19) models accurately the CFD results with errors up to 10%. Based on these results, Equations (15) and (19) can be used to determine the area-weighted shear stress at any place of the membrane surface for water and AS, respectively.
However, it is a complex correlation and an approximation can be made by developing an empirical relationship, to determine the area-weighted average shear stress as a function of the angular velocity (in rpm) and the TSS as presented by Equation (20):
where a, b and c are empirical parameters, with values of 0.369 ± 0.032, 0.013 ± 0.001 and 2.873 ± 0.150 (R 2 ¼ 0.978), respectively. It is important to highlight that Equation (20) is only valid for angular velocities between 50 and 350 rpm and TSS between 30 and 50 g L À1 . Using Equation (20) outside of this range and for a different system (i.e. geometry) is not recommended. In future research, studies on the scouring effect over the membrane surface to control the fouling will be carried out, to determine a shear stress threshold, where the biofilm will not grow (particles and microorganism will not attach to membrane) (Rochex et al. ) . This type of analysis can be used to link the shear stress with power consumption of the motor to optimize the system.
CONCLUSIONS
A proper validation of the CFD model was made in terms of tangential velocity measurements using a LDA system with water with an error of less than 8% between experimental measurements and CFD simulations. Therefore, the CFD model can be used to determine the shear stress values over the membrane surface. The velocity factor (k) was determined from the CFD simulation using Equation (10) and it can be used to determine the local shear stress at any place of the membrane surface. The area-weighted average shear stress was determined using Equation (15). However, the RCF MBR operates with AS, and LDA and Equation (17). measurements cannot be made. Therefore, as the CFD model can be used to determine the shear stress values with water, it was modified based on the viscosity of AS. Two parameters (k and α) were determined from the CFD simulations, and Equations (17) and (19) can be used to determine the local shear stress at any place of the membrane surface and the area-weighted average shear stress, respectively. In addition, an empirical relationship was made, to determine the area-weighted average shear stress as a function of the angular velocity (in rpm) and the TSS (Equation (20)); this equation will be used in the future to study the scouring effect, how it affects the attachment of the biofilm on the membrane surface and the link to power consumption.
